Purpose: To evaluate the feasibility and accuracy of Roentgen stereophotogrammetric analysis (RSA) versus computed tomography (CT) for detecting stent-graft migration in an in vitro pulsatile circulation model and to study the feasibility of a nitinol endovascular clip (NEC) as an aortic wall reference marker for RSA.
Stent-graft migration is a potential complication after endovascular aneurysm repair (EVAR) of an abdominal aortic aneurysm (AAA). [1] [2] [3] Periodic surveillance is necessary to detect migration and other complications. 4, 5 The current gold standard for follow-up after EVAR is contrast-enhanced computed tomography (CT). 6 However, this modality requires intravascular contrast, a high radiation dosage, and significant logistical consequences and costs, making EVAR less cost effective. 7 For these reasons, the use of CT for routine surveillance after EVAR is less attractive. Reducing the frequency of CT imaging in EVAR surveillance may be possible, especially if there is evidence of sac shrinkage. 8 However, stent-graft migration may go unnoticed as a result of this reduced imaging frequency.
Roentgen stereophotogrammetric analysis (RSA) may be a valuable alternative to identify stent-graft migration. 9 This technique is a well established and highly accurate tool to detect 3-dimensional micromotion of orthopedic implants in relation to tantalum reference markers in the bone. [9] [10] [11] [12] [13] The potential benefits of RSA are low cost, low radiation dose, and no intravenous contrast enhancement. In addition to these potential benefits of RSA, its highly accurate method of measurement could be of great advantage in detecting migration in the early period after introduction of new endografts.
Furthermore, RSA data acquisition and analysis is simple and fast and can be performed by a trained technician. Since RSA images are stereo plain abdominal radiographic images, they can also be used to detect stent fractures. In a static model for stent-graft migration, RSA was found to be more accurate than CT. 9 A disadvantage of RSA is that aortic wall reference markers are required to assess the relative motion of the stent compared to the aorta. 9 The pulsatile change of the aortic diameter results in movement of both the aortic markers and stent-graft markers during the cardiac cycle, which could induce a measurement error in RSA.
In this study, we evaluated the effect of pulsatile motion on the accuracy of RSA and CT in stent-graft migration measurement in an in vitro model for endograft migration with physiological flow and pressure profiles. Furthermore, we tested the feasibility of a nitinol endovascular clip (NEC) as an aortic reference marker for RSA.
METHODS

Pulsatile Aortic Model With Stent-Graft
A pulsatile flow model was developed to simulate migration of a stent-graft in the pulsating aorta. A human cadaver spine was obtained from the anatomical department and used according to the standard consent procedures of our Institutional Review Board. A fresh specimen of a pig thoracic aorta was attached to the cadaver spine, replacing the cadaveric aorta. The spine, including the surrounding soft tissues, was conserved in a solution of formaldehyde, ethanol, glycerin, and phenol ( Fig. 1 ). Since accurate CT analysis requires a reference point (usually a renal artery), a side branch was anastomosed to the aorta at the level of the cadaver's renal artery. The model was placed in a Plexiglas box, topped off with water to simulate soft tissue.
The perfusate of this artificial circulation was starch solution with the same viscosity as blood. To enable CT analysis, the perfusate was enhanced with intravascular contrast [iomeprol 816.5 mg/mL (Iomeron 400); Altana Pharma, Hoofddorp, The Netherlands] to a level of 250 Hounsfield units, which is similar to the attenuation in a normal abdominal CT scan. The contrast was washed out by changing the perfusate after each CT acquisition, so RSA imaging was not disturbed by the contrast medium. To generate pulsatility, the model was connected to an artificial circulation set at 70 beats per minute with a 75 mL/s flow rate, which produced a physiological flow and pressure profile ( Fig. 2 ). 14 The pulsatility resulted in a luminal diameter change from 20.0 to 21.5 mm, as recorded in M-mode ultrasound with a 7.5-MHz linear array probe (ProSound SSD-5500; ALOKA, Tokyo, Japan). This diameter change was induced to simulate aortic diameter changes measured in vivo. [16] [17] [18] A Gianturco stent (Cook, Bjaeverskov, Denmark) was placed inside the aorta (Fig. 3) . A stent rather than a stent-graft was used to model migration since radiological imaging techniques use the stents of the stent-graft for analysis. Furthermore, deleting the fabric from the model facilitated the induction of migration. The stent could be ''migrated'' along the aorta by pulling on monofilament fishing wire (Spro, Vianen, The Netherlands), which was attached to each side of the stent. To prevent unintended migration, the fishing wire was fixed to the box during the measurements.
For RSA analysis, markers were added at the cranial and caudal corners of the stent (i.e., stent-graft markers), and reference markers were attached to the aorta (i.e., aortic markers). Two sets of aortic markers were tested: (1) 3 clusters of 1-mm-diameter tantalum markers glued to the aortic adventitia with Histoacryl (B. Braun Aesculap, Tuttlingen, Germany), representing the standard clinical RSA situation used in orthopedics ( Fig. 3) , and (2) 3 Anson Refix nitinol endovascular clips (NEC; Fig. 4 ) (Lombard Medical, Didcot, UK) placed in the aortic wall by an endovascular technique to mimic the clinical situation ( Fig. 3) .
Three stent-graft positions were analyzed with RSA and CT: the initial or reference position and 2 migrations. The stent-graft was migrated caudally under visual control provided by an image intensifier (Philips BV300 plus; Philips Medical Systems Europe, The Netherlands).
RSA Imaging Technique
Two manually synchronized, standard, mobile Roentgen tubes (Philips Practix 2000; Philips Medical Systems Europe) were set to 110 kV/8.5 mAs, resulting in an exposure time of 78 ms for all RSA images. A calibration box was positioned between the model and the radiographic films to define a 3D laboratory coordinate system and to determine the position of the Roentgen foci (Figs. 5 and 6). 9 Defining the 3D laboratory coordinate system in each RSA image eliminates any influence of model (or patient) positioning on the outcome of RSA measurements ( Fig. 7) . After digitizing the films, image postprocessing was performed on a personal computer with the help of RSA-CMS software [11] [12] [13] 15 (MEDIS, Leiden, The Netherlands). 9 The RSA images were randomly numbered, and the reviewer was blinded to the degree of induced migration. Using this technique, it was possible to calculate the distance between 2 groups of markers. Migration was determined by comparing an initial reference RSA image to the follow-up RSA image.
Since RSA is proven to be highly accurate in a static environment, [9] [10] [11] [12] [13] RSA of the model without pulsatile circulation was used as the reference standard to determine actual stentgraft migration, 9 using the tantalum aortic reference markers for the analysis. Five RSA images of the reference position and 3 images of each stent-graft position after migration were acquired. These results would later be compared to RSA and CT analysis with pulsatile circulation in the model to determine the measurement error of the 2 techniques. The migration was assessed using cross-table analysis, comparing each of the 5 reference images to all 3 follow-up images, producing 15 measurements per migration.
To determine the influence of pulsatility on RSA migration measurement, 11 RSA images were acquired of each stent-graft position at a random point in the pulsatile circulation cycle. Migration was determined by cross-table analysis, comparing each of the 11 reference images to all 11 follow-up images, resulting in 121 measurements per migration or 121 possible clinical combinations of RSA images. The measurements were performed using tantalum markers as well as NECs. The measured migration with RSA was compared to the actual migration to determine the mea-surement error of RSA with both types of aortic reference markers.
Computed Tomography
To compare the results of RSA to those of CT, the accuracy of CT measurement with 3D image reconstruction was determined using the same technique for postprocessing and analysis to measure stent-graft position as the one used for CT surveillance in our clinic. The CT images were acquired with a Toshiba Aquilion 64 CT scanner (Toshiba Medical Systems, Otawara, Japan), which was set to 120 kV, 250 mA, 400-ms rotation, pitch factor 0.84, 0.5-mm beam collimation, and 64 detector rows during pulsatile flow in the model. The images were reconstructed with a 0.5-mm thickness and 0.4-mm reconstruction interval.
A reference CT scan was made of the initial stent-graft position. After each migration, a follow-up CT scan was produced. The CT images were randomly numbered, and the observers were blinded to the amount of migration induced. Using Vitrea2 postprocessing software (Vital Images Inc., Plymouth, MN, USA), the amount of migration was measured on 3D curved multiplanar reconstructions along the aortic central lumen line to evaluate the aorta in 2 perpendicular longitudinal directions as well as the perpendicular axial direction. Using automatic calipers, the distance was measured between the lower margin of the renal artery (reference point) and the stent at the level where the first circumferential view of the stent was observed (in perpendicular axial direction). The struts of the stent were used for orientation; no special markers were used for CT measurement.
The CT scans were evaluated by 5 observers: 4 interventional radiologists and a vascular surgeon, all experienced users of this technique. Migration was determined by comparing the distance measured by the same observer in the follow-up CT images to the distance in the reference CT. The resulting migration was compared to the actual migration to determine the measurement error of CT.
Statistical Analysis
Data are presented as the mean Ϯ standard deviation (SD) and maximum. Levene's test for variance was used to detect statistically significant interobserver variability between the measurement errors of the 5 CT readers.
The tests were performed using SPSS for Windows (version 11.0; SPSS Inc., Chicago, IL, USA).
RESULTS
The actual migration of the stent-graft as determined by RSA without pulsatile circulation was 7.0Ϯ0.02 mm for the first migration (nϭ15) and 13.9Ϯ0.03 mm for the second migration (nϭ15). For the first migration measured during pulsatile flow (nϭ121), the mean distance was 6.5Ϯ0.08 mm measured by RSA using the tantalum aortic reference markers, which gave a mean (maximum) measurement error of Ϫ0.5Ϯ0.08 (0.7) mm. For the second migration measured during pulsatile flow (nϭ121), the mean measured distance was 13.4Ϯ0.21 mm, for a mean (maximum) measurement error of Ϫ0.5Ϯ0.21 (0.7) mm. The pooled error of all migration measurements by RSA in the pulsatile situation using tantalum aortic markers (nϭ242) was Ϫ0.5Ϯ0.16 mm (maximum error 0.7 mm).
Using the NECs as aortic reference markers, the mean distance of the first migration (nϭ121) measured by RSA was 6.7Ϯ0.19 mm [Ϫ0.3Ϯ0.19 (0.7) mm mean (maximum) measurement error]. The mean distance of the second migration (nϭ121) was 13.3Ϯ0.24 mm [Ϫ0.6Ϯ0.24 (1.1) mm mean (maximum) mea-surement error]. The pooled measurement error of all migration measurements by RSA in the pulsatile situation using NECs as reference markers (nϭ242) was Ϫ0.4Ϯ0.25 mm (maximum error 1.1 mm).
Stent-graft migration was measured with CT under pulsatile flow in the model using the renal artery as a reference. The mean distance of the first migration (nϭ5) was 6.2Ϯ1.22 mm, for a mean (maximum) measurement error of Ϫ0.8Ϯ1.37 (2.7) mm versus the actual migration. The mean distance of the second migration (nϭ5) was 12.5Ϯ0.88 mm, which gave a mean (maximum) measurement error of Ϫ1.4Ϯ0.98 (2.8) mm. The pooled measurement error of all migration measurements by CT (nϭ10) was Ϫ1.1Ϯ1.17 mm (maximum error 2.8 mm; Fig. 9 ). There appeared to be no significant interobserver variability (pϭ0.27).
DISCUSSION
This study shows that roentgen stereophotogrammetric analysis is an accurate tool for the measurement of stent-graft migration despite pulsatile motion of the stent-graft and the aortic markers. RSA, with either tantalum or NEC aortic markers, was more accurate than CT with 3D image reconstruction in de-
Figure 10ࡗ
Sources of measurement error in RSA for markers in pulsatile motion versus (A) the static situation: marker a gives projection p on both films F after exposure by X-ray foci R 1 and R 2 . (B) Movement of the marker a to a' during image acquisition will blur p, resulting in less accurate measurement. (C) Delay between the exposures of the 2 films F will produce 2 different projections, p and p', resulting in less accurate measurement.
termining stent-graft migration in our model with physiological pulsatile flow.
The accuracy of CT and RSA in detecting stent-graft migration has been previously assessed in a static plastic model. 9 The measurement error of RSA was 0.002Ϯ0.044 mm versus 0.14Ϯ0.29 mm for CT with 3D image reconstruction. When comparing these results to the present study, pulsatile movement caused by a simulated cardiac cycle apparently reduces the accuracy of RSA and CT to a measurement error of Ϫ0.5Ϯ0.16 mm and 1.1Ϯ1.17 mm, respectively. Furthermore, in the present study, RSA in the situation with pulsatile motion was less consistent in migration measurement (SDϭ0.16 mm) compared with RSA in the static situation (SDϭ0.02/0.03 mm). This may be explained by the limited temporal resolution in imaging. While the RSA images are acquired, the stent and the aorta will have moved slightly, including the renal arteries, the stent-graft markers, and the aortic markers in the wall of the aorta. This results in an image blurring of markers that may lead to less accurate measurement (Fig.  10A,B) . Furthermore, the stereo RSA images are taken with manually synchronized X-ray tubes; a delay between the 2 roentgen tubes may cause an additional measurement error because of a slight change in marker position between the stereo images ( Fig. 10C ). Nevertheless, this study shows that RSA measurement errors remain extremely small despite pulsatile movement.
The pulsatile movement also occurs during CT acquisition and could partially explain the decrease in accuracy compared to the static experiments as previously described. In the clinical situation, vessel distention (1-to 2mm diameter change) and craniocaudal (up to 1.5 mm) and rotational (up to 0.59 mm) movements have been described. [16] [17] [18] [19] For both the RSA and CT techniques, image acquisition was performed at random time points during the pulsatile cycle. These pulsatile movements may have influenced the accuracy of stent-graft position measurements for both techniques. Electrocardiographically-gated CT has the potential to significantly reduce the measurement error caused by the cyclic motion of the aorta and stent-graft. However, the disadvantages of CT for follow-up after EVAR, such as the high cost and radiation dose, contrast, and logistical burden, remain or may even increase.
An increasing distance between the aortic and stent-graft markers due to migration caused a slight increase in the error of measurement in our study, which is in accord with orthopedic RSA literature. 20 This implies that for the most accurate RSA measurement of stent-graft migration, the aortic markers need to be positioned as close to the stent-graft as possible. Despite the reduction of accuracy after the 13.9-mm migration reported in our study, RSA is still more accurate than CT. A reason for this finding may be the combination of a higher spatial resolution and a shorter acquisition time of an RSA image compared to CT. For these reasons, using a CT scan with Ͻ64 detectors could further increase the measurement error of CT.
In the present study, we tested an NEC available for use in endovascular surgery for feasibility of use as an aortic marker. The measurement of stent-graft migration using this clip was also accurate but less precise than the standard tantalum markers. This could be explained by the fact that tantalum markers are spherical and have a smaller diameter ( Fig. 3) , which may be more accurately detected. Despite this decreased accuracy, RSA with NEC aortic markers remained more accurate than CT. Automatic detection of the NECs by the RSA software was not possible due to their non-spherical shape. Manual identification of the center of the marker could be performed without difficulty using the RSA software, from which the position of the marker could be determined. Marker detection is done at a different phase in the processing of RSA images than the migration measurement, and the reviewer was blinded to the amount of migration. Therefore, manual detection of the clip could not interfere with the outcome of measurement. Despite this potential source of error, the RSA measurements using the NEC were accurate. Therefore, the NEC could potentially be used as an aortic marker for RSA measurement in patients. The NEC requires further testing for its clinical suitability as an RSA marker, which is the subject of further study at our institution. When considering the model, it is apparent that this is not an in vivo situation. Exact reproduction and modeling of cyclic aortic motion remains difficult. Further testing is needed to evaluate the RSA technique and the endovascular clip before patient studies can be undertaken.
Conclusion
RSA is an accurate and feasible tool to measure stent-graft migration in a pulsatile environment. Migration measurement with RSA is more accurate than with 3D image reconstruction of CT scans. Because RSA has several other advantages over CT, it may be a valuable tool for EVAR surveillance. The nitinol clip tested in this study has the potential to be an aortic reference marker in patients.
